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SOIL-STRUCTURE INTERACTION EFFECTS OF HIGH RISE BUILDINGS
Hien Nghiem, Doctoral Candidate Nien-Yin Chang, Ph.D., P.E.
University of Colorado Denver
University of Colorado Denver
Denver, Colorado-USA 80217
Denver, Colorado-USA 80217

ABSTRACT
As high rises are built or designed for in areas of high seismic activities, it is critical to examine their seismic responses using analysis
code that reveals a more realistic view of the behavior of these structures for their performance under strong seismic shaking. To
understand the seismic soil-structure interaction effects, a 33-story building and a 20-story building were subjected to seismic response
analysis using SSI-3D. To reflect the evolution of SSI effects, analyses were performed for the cases with rigid base, flexible base
with linear foundation springs, flexible base with linear soil, flexible with nonlinear springs, and the full SSI analysis of flexible base
with nonlinear soils. The last case depicts the most realistic SSI responses of the high rise. Results of analyses presented in this article
include: periods, base shear, and the displacement of the top of the buildings. It was observed that the top displacements increase and
the base shears decrease as the base become more flexible for the buildings with regular shape. For the buildings with irregular shape,
the above observation is no longer true.

INTRODUCTION
As the World turns, more high rises are built with ever
increasing height and many in the high seismic areas. The
critical nature of these structures requires a better
understanding of their performance under strong seismic
shaking. Structures and foundation are integral parts of soilfoundation-structure system and the seismic soil-structure
interaction affects the seismic responses of high rise building.
The analysis of the seismic response of building has evolved
from rigid base analyses to flexible base analyses. The latter
has further changed from the analysis with flexible base with
linear spring, with linear soils, with nonlinear springs and
finally with the most comprehensive analysis of the soilfoundation-structure system with nonlinear soils with different
nonlinear elastic-plastic constitutive models. The seismic
design code has also changed a few times to the most recent
version of IBC2006 and ASCE7-05. To compare the
effectiveness of each approach, a future 33-story building on
drilled shafts penetrating the thick soft soil and founded on
very dense gravel layer and a hypothetical 20-story reinforced
concrete building founded on the same foundation soil and
drilled shaft were analyzed using the finite analysis using a
computer code, SSI-3D, developed as a partial fulfillment of a
doctor degree study. Nonlinear constitutive models of soils
and concrete and soil-drilled shaft interface model play critical
roles in the analysis with ground motion in terms of
acceleration time history entered at bedrock. The motion
propagates from the bedrock, through soils to drilled shafts
through the soil-drilled shaft interface, and eventually to the
building base and the rest of the building. The building will be
supported on drilled shafts penetrating the thick soft soil
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foundation soils and founded on hard soils or gravels.
Analysis results presented include periods; base shears, and
displacement at the top of the building.
It is interesting to find that the maximum displacements from
using flexible base are somewhat larger than those of rigid
base analysis. The base shears, in general, are large in rigid
base analyses. This implies that the rigid base analysis greatly
overestimates the base reactions under a strong seismic
shaking. This observation can significantly vary the design
code to reflect the effect of foundation system flexibility. The
details of the SSI-3D code, analysis methods, analysis results,
are presented.
CONSTITUTIVE MODELS
Elasto-plastic rate integration of differential plasticity models
Material characteristic is a critical element of numerical
analysis. It can greatly influence the outcome of a numerical
prediction. Many constitutive models are available to simulate
the soil behavior and selected ones are presented and will be
implemented in PSI to investigate the model sensitivity. Most
often the associated flow rule is used in the elasto-plasticity to
simplify the incremental plasticity computational process and
decrease the CPU time. According to the classical theory of
plasticity, the total strain can be decomposed into an elastic
part and plastic part when stress state reaches yield surface:

{dε } = {dε e }+ {dε p }
{dε e } = {dε } − {dε p }

(1)

1

The Hooke’s law relates the stress and elastic strain
increments as follow:

{dσ } = ⎡⎣ E e ⎤⎦ {d ε e }

{dσ } = ⎡⎣ E e ⎤⎦ ({d ε } − {d ε p })

(2)

1
1
(σ 1 − σ 3 ) = − (σ 1 + σ 3 ) sin ϕ + c cos ϕ
2
2

In general, the plastic strain increment is written as:

{d ε } = λ ⎧⎨⎩ ∂∂σg ⎬⎫⎭
p

Substitute Eq. (4) and Eq. (3) to Eq. (2):
⎛
e ⎧∂ g ⎫ ⎡∂ f ⎤
e ⎞
⎜
⎣⎡ E ⎦⎤ ⎨ ∂ σ ⎬ ⎢⎣ ∂σ ⎥⎦ ⎣⎡ E ⎦⎤ ⎟
⎟ {d ε }
{dσ } = ⎜⎜ ⎡⎣ E e ⎤⎦ − ∂ f⎩ ⎭ ∂ g
⎟
⎡
⎤⎡ e⎤⎧ ⎫
⎜
⎢⎣ ∂σ ⎥⎦ ⎣ E ⎦ ⎩⎨ ∂σ ⎭⎬ + h ⎟
⎝
⎠
According to Backward Euler’s method:

λ=

f (σ )
⎡∂ f
⎢⎣ ∂σ

⎤ ⎡ e ⎤ ⎧∂ g ⎫
⎥⎦ ⎣ E ⎦ ⎩⎨ ∂σ ⎭⎬ + h

(9)

(3)

where λ is a scalar plastic multiplier that can be calculated by
Forward Euler’s method or Backward Euler’s method, Smith
and Griffiths (1997) and g is the plastic potential function.
According to Forward Euler’s method:

⎡∂ f ⎤ ⎡ e ⎤
⎢⎣ ∂σ ⎥⎦ ⎣ E ⎦
λ=
{d ε }
⎡∂ f ⎤ ⎡ e ⎤ ⎧∂ g ⎫
⎢⎣ ∂σ ⎥⎦ ⎣ E ⎦ ⎩⎨ ∂σ ⎭⎬ + h

where ϕ and c denote the cohesion and friction angle,
respectively. The Mohr-Coulomb criterion can be written in
terms of principle stress components as following, Chen and
Mizuno (1990):

(4)

The full Mohr-Coulomb (MC) yield criterion takes the form of
a hexagonal cone in principal stress space as shown in Figure
2. The invariant form of this criterion shown as, Smith and
Griffiths (1997):

f1 =

I1
J
sin ϕ − 2 sin θ sin ϕ
3
3

(10)

+ J 2 cos θ − c cos ϕ

−σ1
e
ac l
Sp ona
ag
Di

(5)

−σ2

(6)

Substitute Eq. (6) and Eq. (3) to Eq. (2):

⎧∂ g ⎫
f(σ ) ⎡⎣ E e ⎤⎦ ⎨
⎬
⎩∂ σ ⎭
{dσ } = ⎡⎣ E e ⎤⎦ {d ε } − ∂ f
⎡
⎤ e ⎧∂ g ⎫
⎢⎣ ∂σ ⎥⎦ ⎣⎡ E ⎦⎤ ⎩⎨ ∂σ ⎭⎬ + h

Fig. 2. Mohr-Coulomb failure criteria.

where f is yield function and g is plastic potential function,

h denotes the hardening parameter that equals to zero for
perfectly-plastic materials and constant for an elasto-plastic
material with a linear hardening model.
Constitutive models of soils, concrete, and bar
Six different constitutive models are implemented in SSI-3D
and their use is strictly at the discretion of a user. Each model
besides elastic model is briefed as follows:
Mohr-Coulomb model
Mohr-Coulomb is the first failure criterion which considered
the effects of stresses on strength of soil. The failure occurs
when the state of stresses at any point in the material satisfies
the equation below, Chen and Mizuno (1990):

τ + σ tan ϕ − c = 0
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−σ3

(7)

(8)

In addition to the yield functions, the potential
function, the same form as yield function, is defined for MohrCoulomb model by replacing friction angle ϕ with dilation
angle ψ in the yield function and the plastic potential
function is given as:

g=

I1
J
sinψ − 2 sin θ sinψ
3
3

(11)

+ J 2 cos θ − c cosψ
The dilatancy angle, ψ , is require to model positive plastic
volumetric strain increments as actually observed in dense
soils. In reality, soil can sustain none or small tensile stress.
This behavior can be specified as tension cut-off. The
functions of tension cut-off are:
f 2 = σ 3 − T ; f3 = σ 2 − T ; f 4 = σ 1 − T
(12)
where T is maximum tensile stress. For these three yield
functions, an associated flow rule is adopted. The MC

2

I1′2 M 2 pc I1′
f =M
−
+ 3J 2
9
3

material parameters include cohesion c, angle of internal
friction, ϕ , and dilatancy angle, ψ .
Modified Cam-Clay model

2

(15)

q

The modified Cam-Clay (MCC) model is isotropic nonlinear
elastic plastic strain-hardening model, Roscoe and Burland
(1968). Figure 3 shows schematically volume change versus
pressure plots for a soil comprising of a normal consolidation
line and an overconsolidation line. The overconsolidation line
is also known as the swelling line. From a stress state on the
overconsolidation line, an increase in applied stress will cause
the stress state to move along the overconsolidation line
towards the normal consolidation line. Once past the
intersection of the two lines, any further stress increase will
cause the stress state to move down the normal consolidation
line.

q=Mp'
Critical
point
Moving yield
surface (cap)

p'c

p'

Fig. 4. Yield curve for Modified Cam-Clay model

N

Normal
consolidation
line

Γ

Cap model
The cap model is a plasticity model base on the critical state
concept and the concept of continuum mechanics. The cap
model is expressed in terms of the three-dimensional state of
stresses and formulated on the basis of continuum mechanics
principle, Desai and Siriwardane, (1984) and Chen and
Mizuno (1990).

λ
Over
consolidation
line

1

κ

1
Critical state line

J2
Drucker-Prager I

lnp'

f1
α

Fig. 3. Parameter for Cam-Clay model
The MCC model is an effective stress model which requires
the following soil properties:
M is slope of the critical state line in the p − q plane; Γ is

f2
α−γ
b
Initial
cap

( )

specific volume at the critical state when p' is 1.0 (or ln p'

is 0); κ is slope of the isotropic over-consolidation (swelling)
line;
λ is slope of the isotropic normal consolidation line and
O.C.R is overconsolidation ratio.
The elliptical yield cap in the p′ − q space is shown in Figure
4 and is given in Eq. (13) as follow:

f = M p − M pc p + q
2

2

2

2

(13)

where pc is pre-consolidation pressure and M the slope of
critical state line and

6sin ϕ
(14)
M=
3 − sin ϕ
By replacing stress invariants p ′ and q by the first stress
invariant, I1′ = 3 p′ and deviatoric stress invariant,
J 2 = q 2 3 in Eq. (13) we have:
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θ

Drucker-Prager II

a=Rb

C

X

I1

Z

Fig. 5. Yield surface for cap model (Desai and Siriwardane
1984)
Cap model is defined by a dilative failure surface, f1 , and a
contractive yield cap surface, f 2 . The schematics of cap
model are shown in Figure 4. The expression for f1 is given
by (Desai and Siriwardane 1984):

f1 = J 2 + γ e − β I1 − θ I1 − α = 0

(16)

where α , β , γ and θ are material parameters. During
successive yielding, the material undergoes hardening
behavior which represented by moving yield surfaces, f 2 . An
elliptical yield cap for the cohesionless material is considered
and shown in Eq. 17:

3

f 2 = R 2 J 2 + ( I1 − C ) − R 2 b 2 = 0
2

(17)

where R is termed the shape factor, and is the ratio of the
major to minor axis of the ellipse,

Rb = ( X − C ) , X the

value of I1 at the intersection of the yield cap and the I1 -axis,

C the value of I1 at the center of the ellipse, and b the value
of

J 2 when I1 = C , X a hardening parameter that

controls the change in size of the moving yield surface and the
magnitude of the plastic deformation, and X is the function
of the plastic volumetric strain

X =−

ε vp

as:

1 ⎛ ε vp
ln ⎜1 −
D ⎝ W

⎞
⎟+Z
⎠

(18)

where D , W , and Z are the material parameters, W
characterizes the maximum plastic volumetric strain, D the
total volumetric strain plastic rate controling the initial loading
moduli, and Z the initiation of volumetric plastic
deformation under hydrostatic loading conditions or the preconsolidation hydrostatic pressure.

where

γ0

and

τ0

Hyperbolic model
Duncan and Chang’s non-linear stress-strain curve is a
hyperbola in the shear stress, σ 1 − σ 3 , versus axial strain
space (Figure 6) ), Duncan and Chang (1970). The hyperbolic
relationship between stress and strain can be written as
following equation:

(σ 1 − σ 3 ) =

Ei =

where:

τ

γ ≥0
γ <0

(19)

shear stress;

τy
with α ≥ 0 .
Note that τ y γ y = Gmax , where Gmax is the initial shear
modulus. The stress coefficient ( α ) used to adjust the
strain;

position of the stress-strain curve and the stress exponent (r)
can control the curvature of the curve.
The unloading and reloading curve can be determined using
Masing rules. After the first stress reversal, the stress-strain
relationship is augmented by a factor of 2 to:
r

⎛ τ − τ0
γ − γ 0 τ − τ0
+ α⎜
=
⎜ 2τ
2γ y
2τ y
y
⎝

⎞
⎟ (for γ ≥ 0 )
⎟
⎠

⎛ τ − τ0
γ − γ 0 τ − τ0
− α⎜
=
⎜ 2τ
2γ y
2τ y
y
⎝

⎞
⎟ (for γ < 0 )(20)
⎟
⎠
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n

(23)

confining stress, σ 3 ; K L is loading modulus number; pa is

γ y reference shear
reference shear stress and α stress coefficient

γ shear strain;

(22)

where: E i is initial tangent modulus as a function of

r

for

1
1
; (σ 1 − σ 3 )ult =
b
a

⎛σ ⎞
E i = K L Pa ⎜ 3 ⎟
⎝ pa ⎠

r

atmospheric pressure (used as a normalizing parameter); σ 3

is confining stress and n is exponent for defining the
influence of the confining pressure on the initial modulus.

Asymptote

Et

σ 1− σ 3

γ
τ
τ
= −α
γy τy
τy

for

(21)

a + bε

This initial tangent modulus is controlled by the confining
stress, σ 3 and is calculated as follows:

r

γ
τ
τ
=
+α
γ y τy
τy

ε

Where a and b are related to the initial tangent modulus and
asymptotic deviator stress:

Ramberg-Osgood model
Ramberg-Osgood is the nonlinear model used to describe the
stress-strain behavior of soil, a hyperbolic function described
by Eq. 19, Ueng and Chen (1992 ):

represent the values of shear strain and

stress at the point of stress reversal. The Ramberg-Osgood
constitutive is one-dimensional and originally applied to shear
components.
To generalize this theory to the
multidimensional case, it is assumed that each component of
the deviatoric stresses and deviatoric strains is independently
related through the one-dimensional stress-strain relation
shown above.

1

Eur
1

Ei
1

ε1

Fig. 6. Nonlinear stress-strain behavior
With the Mohr-Coulomb failure criterion, the following
expression for the tangent modulus can be obtained:

⎡ R (σ 1 − σ 3 )(1 − sin ϕ ) ⎤
Et = ⎢1 − f
⎥ Ei (24)
2c ( cos ϕ ) + 2σ 3 sin ϕ ⎦
⎣
2

4

ϕ is friction angle of soil; c
is cohesive strength of soil; R f is ratio between the
where: E t is tangent modulus;

asymptote to the hyperbolic curve and the maximum shear
strength and σ 1 is major principal stress
The unload-reloading modulus, E ur , is computed in a manner
similar to the computation of the initial modulus, E i except
that the unloading-reloading modulus number, K ur replaces

K L in Eq. (23). Thus, the unloading-reloading modulus is
calculated as:

⎛σ ⎞
Eur = K ur Pa ⎜ 3 ⎟
⎝ Pa ⎠

n

(25)

Nonlinear model of bar element
The behavior of nonlinear bar element is elasto perfect plastic.
If axial force in the bar element is smaller than f max and
greater than f min , the behavior is elastic with unit stiffness

k,

and perfect plastic vice versa.

f max

f
k
1

Fig. 8. Side view and 3D view of finite element mesh

u

Table 1. Material parameter for soil data (Brinkgreve, 2004)

f min

Parameter
Material model

Plastic zone Elastic zone Plastic zone

Fig. 7. Nonlinear model of bar element
MODEL CALIBRATION
RESPONSES

USING

MEASURED

PILE

A sister program of SSI-3D is PSI (Pile-Soil Interaction).
They share the same set of constitutive model options. The
accuracy of PSI has been tested by carrying out the analyses of
problems or back-analysis of full scale pile test by other open
or commercial computer codes such as OPENSEES,
ABAQUS, PLAXIS and ANSYS.
Case study 1: Full scale single pile under vertical load
This study has heavily referenced the study on validation and
verification of PLAXIS program (Brinkgreve, 2004). In this
document, the full scale single pile under vertical load in
Germany has been analyzed. The same pile was analyzed by
PSI and the results compared to the results using PLAXIS 2D,
PLAXIS 3D FOUNDATION and measured performance.

Type of material behavior
Gravity, γ s
Young’s modulus, Es
Poisson’s ratio, ν
Cohesion, c
Friction angle, ϕ
Dilatancy angle, ψ

Value
MohrCoulomb
Drained
20

Unit
-

60000

kPa

0.3
20
22.7
0

kPa

kN/m3

0
0

The pile with 1.3m diameter and 9.5m length is constructed in
overconsolidation clay. The parameters of soil profile are
shown in Table 1. The loading system includes two hydraulic
jacks, one reaction beam, and sixteen anchors supporting the
reaction beam. In the PSI analysis, 20-node cubic elements are
used. Because of the symmetric condition, only one fourth of
the pile–soil system is modeled and analyzed as shown in
Figure 8. One fourth soil volume is 25mx25m and 16m depth.
The vertical load at pile top is modeled by equivalent joint
loads. The pile is concrete pile using linear elastic model with

Young’s modulus E = 3 x10 kPa, Poisson’s ratio ν = 0.2 ,
and unit weight γ = 24 kN/m3. Three values of coefficients
7
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5

of earth pressure are considered: K 0 = 1 − sin ϕ = 0.62 ,

K 0 = ν (1 −ν ) = 0.43

and

K 0 = 0.8

for

over

consolidation clay and other soil properties are shown in Table
1.
Vertical Load (MN)
0
0

0.5

1

1.5

2

2.5

3

3.5

To assess the mesh density effect, two finite element mesh
cases with different number of elements and nodes were used
and the difference was not significant (Figure 10).

-0.01

-0.02
Vertical Pile Head Displacement (m)

with measurement. At a higher load, however, the results
begin to vary depending on initial stresses and soil-pile
interface. Fig. 9 shows that the PSI analysis is close to Plaxis
3D analysis but stiffer than Plaxis 2D at the same initial
condition (K0=0.43) with the soil–pile interface. The PSI
analysis with no soil-pile interface slip permitted gives the
best agreement with test result.

-0.03

Case study 2: Colorado DOT drilled shaft for noise and sound
barriers

-0.04

The lateral load test on drilled shaft (Shaft 1) used to support
noise and walls was performed, Report No.CDOT-DTD-R2004-8. The diameter of tested pile is 0.762m (2.5ft), length
6.096m (20ft), and the distance from pile top to ground
surface 1.42m (4.67ft). Two simulations were performed
using (1) the soil properties from triaxial test results and (2)
the soil properties were adjusted for achieving best match
between the FEM predictions and test data. The commercially
available finite element code ABAQUS was used to simulate
the lateral pile load test in CDOT research.

-0.05

-0.06

-0.07

-0.08

-0.09

PSI K0=0.43 (No Slip)
Measurments

Plaxis 2D K0=0.62
Plaxis 3D K0=0.43

El-Mossallany 1999, K0=0.8

PSI K0=0.43

Fig. 9. Comparison the result between PSI, Plaxis, BEM and
test results
Vertical Load (MN)
0
0

1

2

3

4

5

Vertical Pile Haed Displacement (m)

-0.02

-0.04

-0.06

-0.08

-0.1

-0.12

-0.14
PSI K0=0.43 (432 elements and 2276 nodes, no slip)
PSI K0=0.43 (1760 elements and 8399 nodes, no slip)

Fig. 10. Effect of finite element mesh
The load-settlement curves are shown in Fig. 9. Under a load
of 1500 kN, the results of all numerical analyses agree well
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Fig. 11. Side view and 3D view of finite element mesh
Figure 11 shows the PSI finite element mesh for only one half
of the soil-pile system for symmetry. The upper part and
around the pile surface of the model is meshed finer than
lower part to get better result for lateral load analysis.

6

Table 2. Soil parameters from triaxial test results
Layers
(m)
0-0.762
0.762-1.37
1.37-1.98
1.98-3.05
3.05-3.81
3.81-4.88

Young’s modulus
(kPa)
28579.7
22919
22919
11142
5446.7
23982

Cohesion
(kPa)
71.45
53.85
53.85
47.63
24.16
24.16

Table 3. Adjusted soil parameter for match case
Layers
(m)
0-0.762
0.762-1.37
1.37-1.98
1.98-3.05
3.05-3.81
3.81-4.88

Young’s modulus
(kPa)
149691.4
149691.4
149691.4
149691.4
47405.04
47405.04

Cohesion
(kPa)
62.13
48.32
48.32
48.32
34.5
41.4

E = 2 x107 kPa and Poisson’s ratio ν = 0.3 . The soil model

in PSI analysis is Mohr-Coulomb or Cap model with no cap
effect similar to Drucker-Prager model in ANSYS analysis.
Only failure envelope parameter, α and failure envelope
linear coefficient, θ are considered in Cap model. The lateral
load and displacement curves are shown in Figure 14. The PSI
analyses using Mohr-Coulomb and Cap model and the
ANSYS using Drucker-Prager model give nearly identical
results.
Table 4. Material parameter for soil data (Brown et al., 2001)
Parameter
Material model
Type of material behavior
Soil submerged unit weight,

450

L ateral L oad (kN)

analysis, the pile and soil were modeled using 8-node cubic
elements, a three dimensional point-to-surface contact element
was used to model the pile-soil interface. In the PSI analysis,
soil and pile are modeled by 20-node cubic elements. Soil
properties are shown in Table 4, and pile configuration in
Figure 13 are used in ANSYS and PSI analyses. The behavior
of pile is assumed elastic, with Young’s modulus

400

γs

350

Young’s modulus, Es

300
250
200
150
100
50
0
0

0.01

0.02

0.03

0.04

0.05

D eflec tion (m)
P S I‐Matc h C as e

A B A QUS ‐Matc h C as e

Tes t Data

A B A QUS ‐Triax ial

Poisson’s ratio, ν
Cohesion, c (For MohrCoulomb model)
Friction angle, ϕ (For MohrCoulomb model)
Dilatancy angle, ψ
(For
Mohr-Coulomb model)
Failure envelope parameter, α
(For Cap model)
Failure
envelope
linear
coefficient, θ (For Cap model)

Value
Mohr-Coulomb,
Cap
Drained
11.8

Unit
kN/m3

20000

kPa

0.45
34

kPa

16.5

0

16.5

0

41.6

kPa

0.1207

-

P S I‐Triax ial

Fig. 12. Comparison the result between PSI, ABAQUS and
test data
When the triaxial test results were used both ABAQUS and
PSI analyses showed softer behavior. When the best match
parameters for the ABAQUS were used, the PSI analysis
shows a bit stiffer behavior. By and large, the PSI results
agreed well with the ABAQUS results as shown in Figure 12.

Case study 3: Socketed pile in homogeneous soil
The model of socketed pile in homogeneous soil shown in
Figure 13 was used in the verification of the 3-D ANSYS
finite element code, Brown et al., (2001). In the ANSYS
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Fig. 13. Socketed pile (Brown et al., 2001)
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250

K0

Cu (kPa)
50

0

100

150

200

0

0.2

0.4

0.6

0.8

1

100

-2

-2

-4

-4
Depth (m)

150
Depth (m)

Lateral Load (kN)

200

-6

-6
-8

-8
Cu profile

-10

50

-10

NC

Cu profile
Lab test

-12

-12

0
0

0.005

0.01

0.015

Fig. 15. Cu and K0 profiles (Wang and Sita 2004)

Lateral Pile Head Displacement (m)
PSI (Mohr-Coulomb Model)

Vertical Load (kN)

0

ANSYS (Brown et. al. 2001)
PSI (Cap Model)

Fig. 14. Comparison of pile head displacement for single
socketed pile
Case study 4: Single pile under vertical load
The PSI analysis was carried out on the single pile under
vertical load. The pile was installed and tested near University
of California, Berkeley campus. The analysis was performed
by Wang and Sita (2004) using OPENSEES. The 2.5 feet
circular cast in place pile was embedded to a depth of 19 feet.
The soil is hard to stiff sandy clay, medium dense sandy silt
and dense clayey sand. Above the depth of about 2.2m, soil is
overconsolidation. Below 4m depth, the undrained shear
strength varies linearly with depth and estimated coefficient of
earth pressure at rest K 0 is 0.5. The undrained shear strength
and coefficient of earth pressure at rest vary from the 2.2 m
depth to the ground surface as shown in Figure 15. For the
homogeneous soil profile analysis, undrained shear strength is
averaged undrained shear strength over pile length plus one
pile diameter and coefficient of earth pressure at rest K 0

Vertical Pile Head Displacement (m)

0

500

1000

1500

2000

2500
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-0.005

-0.01

-0.015

-0.02

-0.025
PSI (Cap Model, homogeneous soil)
OpenSees (Drucker-Prager Model, homogeneous soil, Wang and
Sita 2004)
Test data (Wang and Sita 2004)
PSI (Cap Model, nonhomogeneous soil)
OpenSees (Drucker-Prager Model, nonhomogeneous soil, Wang and
Sita 2004)

assigned to be equal to 0.5. Homogeneous soil properties are:
Young’s modulus 105 kPa, Poisson’s ratio 0.49, total unit
weight 19.62 kN/m3, and undrained shear strength 84 kPa. The

Fig. 16. Comparison the result between PSI, OPENSEES and
test data

pile was modeled elastic with Young’s modulus E = 20 x10
kPa and Poisson’s ratio ν = 0.1 .

As shown in Figure 16, all analysis results using PSI and
OPENSEES show an excellent agreement with the measured
performance of the single pile under a vertical load.
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SEISMIC RESPONSE OF TWO HIGH-RISE BUILDINGS
Most contemporary codes including, LSDYNA, SAP2000, etc
focus the dynamic response analysis on the structural analyses
and the foundation and subsoil contribution are represented by
simple elastic spring constants. An ideal numerical seismic
response analysis of high rise structures requires appropriate
input parameters, including input ground motion record,
constitutive models of all materials involved, and soilstructure interface models. The ground motion enters such
analysis via the soil-rock interface at depth. The wave is then
transmitted through soils, then to piles via the soil-pile
interaction, and finally to the structure. Such dynamic
response analysis of structures involves the nonlinear
constitutive modeling of materials and soil-pile-structure
interaction. A soil-structure interaction analysis computer
code, namely SSI-3D (Soil-Structure Interaction), is
developed to serve the above needs as a part of a doctoral
study at the Center for Geotechnical Engineering Science,
University of Colorado Denver. The 33-story building in
Hanoi and hypothetical 20-story building were analyzed using
IBC2006, ASCE7-05, and SSI-3D-2007 and the analysis
results compared. The full soil-structure interaction computer
code, SSI-3D-2007, is developed with the implementation of
various nonlinear constitutive models of soils and concrete,
like Mohr-Coulomb model (MC), Cap Model (CM), Modified
Cam Clay model (MCC), hyperbolic model (HM), and
modified Ramberg-Osgood (R-M) model, and the nonlinear
Mohr-Coulomb and hyperbolic interface models.

Fig. 17. 33-story Building
Low Rise

A

Y'

X'

High Rise
Low Rise

A

Y
X

DYNAMIC ANALYSES OF A 33-STORY BUILDING IN
HANOI
About the 33-story building

Fig. 18: Plane view of 33-story

This 33-story office tower with general properties as: total
area of 40923m2, total height of 130.2m, and typical story
height of 3.6m has a total of 36 floors in which underground 2
floors high rise and low rise portions (Fig. 18). The low rise
portion has 6 floors. Main spans in two directions are 9m and
7.2m long. The key irregular feature in this building is the
presence of low rise building. The structures are reinforced
concrete in which slabs are pre-stress reinforced concrete.
Model of the 33-story building
The building was modeled by 7977 beam elements, 20361
shell elements, and 153 1-D nonlinear elements, and soil, piles
and caps were modeled by 35175 solid elements. The model
includes the low rise portion. The analyses include static,
response spectrum and time history. The loads are base on the
occupancy of a particular floor following IBC 2006 code.

Fig. 19. Section A-A of 33-story building
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Site geology, boring logs, and geologic sections

Model of flexible base

City of Hanoi is the capital of Vietnam and the project site is
situated at 4 km southwest of Hanoi and 4 km south of the Red
River. The 7 boreholes at the project site reflect its subsurface
consisted of soils ranging from weak sandy clay, clayey sand
with SPT blow count mostly less than 10 to a depth of 25 m
and medium sand, dense sand, and gravel with the blow
counts N transition from 8 at 25 m to over 100 at the depth of
32 m and beyond which the subsoil is gravel. The tips of
drilled shafts are located in dense sand or gravel to provide
sufficient end bearing. A typical boring log in Fig. 20 shows
the soil types of soils and strength in the top 34 m.

For the analysis cases of flexible base with linear spring and
nonlinear spring, soils, piles and caps were modeled by spring
elements. The springs have six components of stiffness. Only
lateral stiffness is considered nonlinear, all others stiffness
components are linear. Initial stiffness of the piles used for
linear spring case is given in Table 6 calculated from FEM
analysis. Three types of pile were used with diameters of 1m,
0.8m, and 0.4m. The load-displacement curves of single piles
are shown in Fig. 21. The best fit curves by using hyperbolic
function also given in Fig. 21. The parameters for hyperbolic
function are given in Table 6. The pile spacing is 3 times the
pile diameter, the factor of pile group effect is selected as 0.5.

Legend
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For the analysis cases of flexible base with linear soil and
nonlinear soil, soils, piles, and caps are modeled by solid
elements. The soil model is Mohr-Coulomb with parameters
shown in Table 5. The pile and cap concrete is elastic with
Young’s modulus E=23544000 kN/m2 and Poisson’s ratio
0.2. Because no equivalent mass of soil is modeled in cases
with linear and nonlinear springs, soil mass is not considered.
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Table 6. Parameters for hyperbolic function
Fig. 20. Typical boring log
Diameter
Soil and concrete material parameters

Ki

Ki

Fmax

(FEM)

(Hyperbolic)

(Hyperbolic)

(kN/m)

(kN/m)

(kN)

1

39816

34525

3397.9

0.8

33484

30763

2548

0.4

20755

18294

1456

(m)

Table 5. Soil parameters
Type
Sandy-Clay
Clayey-Sand
Medium Sand
Sandy-Clay
Dense Sand
Gravel
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E
(kN/m2)
19031
33000
104765
40798
119727.8
178122.8

Thickness
(m)
6
2.2
7.6
11.2
13.2
-

C
(kN/m2)
22.4
12
0
12.7
0
0

ϕ
(0)
15.56
28.67
27.82
26.5
36.58
38.5
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Site class parameters and design spectral response acceleration
1940 El-Centro Time History

Table 7. Site class parameters and design spectral response
acceleration

SS

S1

(g)
0.26

(g)
0.07

Fa
2.468

FV

S MS

SM 1

S DS

S D1

3.5

(g)
0.642

(g)
0.245

(g)
0.428

(g)
0.163

4

Acceleration (m/s2)

The average Standard Penetration Resistance, N, is smaller
than 15 to the depth of 30m. From Table 1613.5.2 (IBC 2006),
the site class is E. Site class parameters and design spectral
response acceleration are shown in Table 7 and spectral
response acceleration is shown in Fig. 22.

3
2
1
0
-1 0

5

10

15

20

25

30

35

-2
-3
-4

Time (s)

Spectral Response Acceleration Sa (g)

Fig. 23. 1940 El-Centro Time History Function
SDa=0.428

Analysis results and discussion

0.172
SD1=0.163

The finite element analysis can be used to determine the
periods, modal shape vectors, and the modal participation
factors. The periods of first six modes for each analysis case
are given in Table 8. Results show that the periods of the case
with flexible base are longer than those with rigid base, the
period ratios of each mode are shown in Table 8.
Table 8. Period for each mode

T0=0.076

Ts=0.381

1.0

Period (seconds)

Periods (s)

Fig. 22. Design response spectrum
Analysis conditions
According to Table 12.6-1 (ASCE 7-05), for the seismic
design category C, the permitted analytical procedures can be
used to analysis are:
+ Modal response spectrum analysis
+ Linear response history analysis
+ Nonlinear response history analysis
Finite element program SSI-3D is used to perform all
analyses. Modal damping used in modal and time history
analyses is 5% and modal combination method in modal
analysis is the square root of the sum of the squares (SRSS).
The effect of soil-structure interaction is considered
by analyses of 5 cases as follows:
• Rigid Base
• Flexible base with linear springs
• Flexible base with linear soils
• Flexible base with nonlinear springs
• Flexible base with nonlinear soils

Rigid
Base
Mode

T1
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T2 (T2 T1 )

T3 (T3 T1 )

1

5.23

5.74 (1.10)

5.95 (1.14)

X

2

4.39

4.74 (1.08)

4.68 (1.07)

Y

3

2.85

3.03 (1.06)

2.96 (1.04)

Torsion

4

1.35

1.43 (1.06)

1.42(1.05)

X

5

1.24

1.36 (1.10)

1.36 (1.10)

Y

6

0.88

0.94 (1.07)

0.94 (1.07)

Torsion

The procedure used to calculate modal force, deflection and
drift is shown as follows:
+ Determine the response spectral displacement of
each mode:

Ground motion
The El-Centro 1940 ground motion (Fig. 23) was used in all
analyses. The incident seismic wave enters the building in the
direction X’ with the weakest stiffness (Fig. 18).

Flexible Base Flexible Base
(Linear spring) (Linear soil) Direction

S di =

S ai

ωi2

+ Calculate the maximum displacements of each
mode:

ui max = Γi S di

11

+ Calculate the internal forces for structural elements
in mode i:

Table 11. Base shears from time history analyses in X’
direction

f i = k −1ui max = k −1Γ i S diφi
Where: Γ i is modal participation factor of mode i ;
circular frequency of mode i ;

φi

ωi

Cases

is

is eigenvector of mode i ;

k is stiffness matrix and Sai is response spectral

Flexible Flexible Flexible
Flexible
Base
Base
Base
Base
(Linear (Linear (Nonlinear (Nonlinear
spring )
soil)
spring)
soil)

Forces
(kN) Rigid
Base

acceleration.
Max

Tables 11 and 12 show the comparison of maximum base
shear and maximum displacement in X’ direction (Fig. 18).
The base shears of the structure with flexible base decrease
when compared to the base shears of the structure with rigid
base. The base shear of the structure with nonlinear soil model
is significantly smaller than other cases because of nonlinear
soil behavior.
Table 9. Base shears from modal analyses

35530

29121

31504
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0
-10000 0
-20000
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Nonlinear Spring

Linear Soil

Fig. 24. Base shear from time history analyses

Cases
Flexible Base
(Linear soil)

FX

22867

27929

26536

FY

21631

27830

25731

Disp.
(m)

UX’ Max

Table 10. Average top displacements from modal analyses

Rigid
Base
0.41

Flexible Flexible Flexible Flexible
Base
Base
Base
Base
(Linear (Linear (Nonlinear (Nonlinear
spring)
soil)
spring)
soil)
0.40

0.43

0.40

0.29

Top Displacements in X' Direction
0.6

Flexible Base
(Linear soil)

UX

0.25

0.28

0.22

UY

0.25

0.26

0.23

Displacement (m)

Cases
Flexible Base
(Linear spring)

15

Table 12. Average displacements from time history analyses

Flexible Base
(Linear spring)

Displacements
(m)
Rigid Base

18072

30000
20000

Cases
Forces
(kN) Rigid Base

29131

Base Shears

Base Shear (kN)

Modal base shears in X and Y directions (Fig. 18) are shown
in Table 9. In general, the modal base shears are expected to
decrease and the building top displacement increase, but the
trend of the analysis results shows differently. The base shears
of the structure with flexible base increase when compared to
the base shear of the structure with rigid base. The
displacements at the top of building increase for structure with
linear spring foundation and decrease for structure with linear
soil foundation as shown in Table 10.

0.4
0.2
0
-0.2

0

5

10

15

20

25

30

-0.4
-0.6
Time (s)

Nonlinear Soil
Nonlinear Spring

Linear Soil
Rigid Base

Linear Spring

Fig. 25. Top displacements from time history analyses
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DYNAMIC ANALYSES OF A HYPOTHETICAL 20STORY BUILDING
The second building is a 20 story hypothetical building with a
total area of 13363m2, height 72m, and typical story height
3.6m. This reinforced concrete building does not have a
basement and is supported on a 1-m thick raft foundation on
128 0.8-diameter drilled shafts that are 40 m long. The crosssectional dimensions of the Beam B1 are 30cm x 70cm, and
the Beam B2 30cm x 50cm as shown in Fig. 26. The
rectangular column dimensions change with height as follows:
1st to 5th floors 50cm x 80cm; 6th to 10th 50cm x 70cm; 11th to
15th: 50cm x 60cm; 16th to 20th: 50cm x 50cm. The shear wall
has a constant thickness of 0.25m, and the slab thickness is
0.15m. To study the effects of the base flexibility and soil
nonlinearity, the subsoil conditions of the 33-story are also
used in the analysis of this 20-story structure. The building
was modeled by 1900 beam elements, 720 shell elements, and
36 1-D nonlinear elements, and soil, piles, and caps were
modeled by 23616 solid elements.

Table 13. Period for each mode
Periods (s)
Rigid
Base
Mode

Flexible Base
(Linear spring)

Flexible Base
(Linear soil)

T3 (T3 T1 )

Direction

T2 (T2 T1 )

T1
1

2.13

2.73 (1.28)

2.67 (1.25)

X

2

1.89

2.49 (1.32)

2.44 (1.29)

Y

3

1.52

1.93 (1.27)

1.86 (1.22)

Torsion

4

0.53

0.62 (1.17)

0.63 (1.19)

X

5

0.45

0.53 (1.18)

0.57 (1.27)

Y

6

0.38

0.45 (1.18)

0.45 (1.18)

Torsion

Table 14. Base shears from modal analyses
Cases
A

Y

Forces
(kN)

Rigid Base

Flexible Base
(Linear spring)

Flexible Base
(Linear soil)

FX Max

21248

18676

19705

B2

X
W

W

B1

B1

B1

B1

W

W

B2 W

B2 W

B2

B2

B2

B1

B1

B1

B1

B1

B1

W

B1
W

W

B2

B2 W

B2 W

B2

B1

B1

B1

W

Table 15. Top displacements from modal analyses
B2

Cases

Fig. 26. Plan view and section A-A of 20-story building

Displacements
(m)

Rigid Base

UX Max

0.13
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0.16

0.16

Table 16. Base shear from time history analyses

Results and discussion
Intuitively the base shears are expected to decrease and
defection at the top of the building increase as the foundation
system become increasingly flexible because of the soil-pilestructure interaction effects. The performance of the 33-story
structure does not fit the above expectation. This can probably
be attributed to the irregular building cross-section. Thus, a
hypothetical building was analyzed. The same foundation soil
profile was used. The analysis results indeed confirm the
above intuitive comments: base shear decrease and top
deflection increase as the foundation system becomes more
flexible as shown in Tables 13 to 19 and Figs. 27 and 28.

Flexible Base Flexible Base
(Linear spring) (Linear soil)

Cases
Forces
(kN) Rigid
Base

Flexible
Base
(Linear
spring)

FX Max 55289

46327

Flexible Flexible
Flexible
Base
Base
Base
(Linear (Nonlinear (Nonlinear
soil)
spring)
soil)
49864

47686

34766

13
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0
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Fig. 27. Base shear from time history analyses
Table 17. Top displacements from time history analyses
Cases
Disp.
Flexible
(m) Rigid
Base
Base (Linear
spring)
UX Max 0.28

0.45

Flexible Flexible
Flexible
Base
Base
Base
(Linear (Nonlinear (Nonlinear
soil)
spring)
soil)
0.43

0.45

0.44

Top Displacements

Displacement (m)

0.5
0.4
0.3
0.2
0.1
0
-0.1 0
-0.2
-0.3

5

10

15

20

25

30

for simulating the pile behavior, this spring can be
linear, nonlinear, or reverse-nonlinear using the
hyperbolic model.
• To calibrate the parameters of spring support requires
a great number of numerical analyses to simulate the
existing/new pile test results. In case of pile group, a
stiffness reduction factor can be used to scale the
stiffness of single pile.
• When calibrated, the equivalent stiffness springs can
be used in the numerical analysis of the soil-structure
interaction (SSI) analysis without having to model
the detail of soil-foundation system.
• The results of the dynamic finite element analysis
with full SSI effect of the 33-story and 20-story
buildings show that the base shears in flexible base
analysis (nonlinear soil-pile model) are much smaller
than those of rigid base and the natural periods of
soil-structure system are higher than those of fixed
base structure.
• The results from the same analyses show the building
shape irregularity can affect the building top
deflection. For the building with a uniform shape, the
top deflection was found to increase with foundation
system flexibility. The same was not observed in
building of irregular shape as in the 33-story structure.
• The equivalent nonlinear spring model did not show
good approximation to the results of finite element
analysis with the nonlinear soil-pile model while the
equivalent linear spring model showed good
approximation to the results of finite element analysis
with the linear soil-pile model.
A great number of nonlinear analyses with full SSI effects of
both the existing and new high rises are required in the
development of equivalent nonlinear spring models. Before
such development all analysis results need to be critically
analyzed and calibrated. The analyses include the time history
analysis with full soil-pile-structure interaction and with
equivalent springs. The results of such analyses are compared
to examine the effectiveness of the equivalent spring models
in accounting for the full dynamic soil-structure interaction
effects.
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Fig. 28. Top displacements from time history analyses
CONCLUSIONS
The preliminary studies on the pile under lateral load and the
seismic response of 33-story and 20-story buildings reveal the
following findings:
• Single pile under lateral load can be modeled by
equivalent stiffness spring. Depending on the need
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